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CONDUCTOR QUALIFICATION TESTS
FOR THE

30+J BONNE.VILLl! POWER ADMINISTRATION SNiiS COIL*

R. I. Schermer, H. J. E!oenig, M. Henke, and R. D. Turner
Los Alamos Scientific Laboratory

Los Alsmos, NM 87545
and

R. Schramm
National Bureau of Standards

Ibulder, CO 80303

SUIINMry

The 30-NJ energy storage coil for the Bonneville
Power Administration requires s low-loss, :ryostable
conductor that is able to carry 4.9 kA in a field of
2.8 T and will maintain its propertied over 108 partisl
discharge cycles. The nulti-level cable which
satisfies these requirements has been extensively
tested at various stages in its develqxnent and in its
finsl form. Tests have been performed to determine the
effect of manufacturing options on ac losses, low
temperature electrical resifstivity, stability, and
fatigue resistance of the insulated conductor. ‘fhis
paper will concontrttte on the stability and fatigue
tests which have not previously been reported.

In*. roduc t ion—

Tile fin~l set of tests, under t~ikcn to insure thnt
- the conductor for the 30-!4J System Stnbilizlng Mngnet

for the Ifonnrvllle Power Administration (HPA) will per-
form as specified, IS described. Ossign requircmenta
for the condurtor {ire set by the coil pertornmnre,
‘Table I. m c ,:o,,~[,ctor configuration 19 .Yhown In
F’lg. 1 and specifird in TtIblc 11. Pruviou# publlcr-
L io,:.. h~vc discus Hed tl)e trnpn t of fabrlcut ion options
on col, ductor perfotm~)nrcl snd rncosuremcnt of
If)tlfl

the nc
ch.liart.lri Stl(f4 u f thlfl C(wfiullrutl on. ~

De#c Fihed here ore fr;~ibility tt*fit# which Hhou thnt the
conductor, an mollnted in the COI1, will be cryo#t/lhlt.
nt N currtnt of 7 kA, wtIll nhove thr rcqo 1rml 5 kA.
Fur Lhcr Lestw, alHn descrihcd, SIIOW that thr cotuhtrtur,
nnd pnrtlcul,lrly lhv Myl+tr tiipv i?lectrlcnl in fl(ll{lt ion,

will Witl}rltnnd thl, ruquIred nmthcr of lr)nll ryclollo
In form, tir)n 1s IIlnn pre*cn Lrd nn ocrrptnnro t,,*tlnp fnr
roppvr nrfl H(lpcr(’orlrlll(”tt)r.
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Fig, 1. LOW-IOHH cr~o~L,lhl,, c,.’.I.I fur 30-NJ coil.
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Quality Control and Acceptance Tests

To ccnstruct the coil we purchased 6.4 x 105 m of
superconducting composite core from Magnetic
Corporation of America. Specifications called for the
wire to carry at least 110 A at 4.2 K and 3.0 T as
❑easured at G sensitivity of 1 X 10-1~ n-cm, which
would cause the poorest piece of wire to operate at 80%
of specification along the load line. ‘l’he wire as
received carried (125 t 11) A under specified condi-
tions, as measured on 64 random samples.

A compacted first subcable requires 5.04 times as
much copper as composite core. Accordingly, we pur-
chased 3.5 x lL)b m of 0.511 mm PDOF copper wire. Wire
as received and re-annealed had a RRR of 321 f 25, as
measured on 21 samples at 4.0 K. After compaction, the
first subcable nust be ar,nealed at 325° C for 2 hr; a
temperature of 300° C produces inadequate annealing and
a temperature of 350° C will begin to damage the super-
conductor. As a QC measure, one sample from each
annealing lot will be subjected to critical current and
RRR tests for comparison with the initial values.

Stability Tests

Illrinrent.—.

Preliminary experf.mentrr hrrd indicated that
rela~ively small gaps in rrn inrrulating wrap on a ce.ble
were very -ffecttve in permitting heat tr:lnsfer to the
liquid helium. Mylnr strip, 0025-in. wide, 0.005-in.
thick, perforated with two stnggered rows of l/16-irr,
holes on l/8-in. centers, appeared to provide suffi-
cient ve. tllstion whilu simultaneously preveilting
accidental] cnntflct between second suhcublerr. Mucli of
thu d,lt(l pr~. seuted here were tak~, n using such insula-
tion. /w II re~ul L of thcs(. mcnsurcments, lt is f’ell
that tllc ndv:lnt(lfic of pcr[rzr,i:eri strip i~ not enough to
overcomv Lhu !nr):u .Iddit (onal Cxpenwu of pcrfuriitton
a nli the fabric ntlon problern~ produred by the lack of
/ldh L.!4ivL$ 011 the strip. Therefore, arfrfiLton/i~ runs,
inrl,ldlng thn L UN thu 5 kA conductor ittivl[, were per-
formed using unperforilt~,d, ndhvti{vc hnckcd, ().005-111.
thick, ().2>-in. wide, Myi Ir t~pe.

ltxp~,rlm~,llt~ 11,1(1 nnn, yMi* Iulvo hccn pr~vinuMly
dl,~critn,d in do Lml. j In tllo nulj, ]rlty of tvr’ltfi, the
R(t!ltl>11$ ronrii~tcd of n 10-LO-15 meter len~tll nf scrnnd
null, 11)1(, W(]lllld onto” n cylfndrlcnl G-IO mn,wlr cl, as
rrll(w!l Ill ~iK. 2, Kxcopl [or lIIC 15° ongle which tltc
nec[)llt! Huh[,.lhlon mr.k c, With the cnndurtor axi~ in
Fi~. 1, t ho ue(~mot ry of FIR. 2 cl{>ncly rrlmulrrted the
ht,nt trnn~fvr vnvironrnvnt of thv rnhlca iin they nre
m(>ut)t ,vd in the 10-M.I CVII, ml t% izarnplc length was
uNurrl Iy dlvl I!od Iltto rtovoriti regionn, Ollcll CollHistillg

o f five turns {Iruund the trmndrel rrnrl ench utilizing H
dif flront inrr(Ilnt ion nYrkLwn. For fnwtltnrc, Fi~i 2
Lrll[wfl H *P(.L ion of hmr($ cnhio itl Ltl@ Iowt!ql rugi[)n, II

cnhlr *rIr L1911 ln~lllltlt~d with p!~rfl)r:ttod titrlp with l-mm
Mnprr i Ii 1110 (*vIII rnl reufon, rrlld a (,(11)10 no(tt i,)n
itlntllnt~,d with lltltt.-wr{tl,~lt~~l pcrf ur{tt od ritrtp 11) th[!
upper ro~i on. A I-($m Irt}fitlt of vnhlo !)I) tlit, tltlrd Ltirti
uf onch r{lRiutl wn~ wr tppod wfth n!, 8-0 hentvr formed of
metnl film Inmlllntod IIV!WVIIII KiIpt IIII rrtrlprt. V~)l(rtHr

ttipa, curt’1t’1 1)’ drl’~ur~d tc nvold lIIdt Irllvv pi~+ktlp, wrre
npncod nl~m~ t ho cnhlo ollo-or-Lwo Iwt MI pitrh@N npnrl .

hml~lou could II!) Hiippllod with d tiirr,,ut up It)

1 kA III II fl~ld Up 1,1 f) l’. !htl(I ror Iw$ittor curr’unt ,
~nmple rllrrun, , iind Vt)ltnuo rtvrc)!irr rilx Itrtfrn of tnpu (In

funct Innrn If flm~ werrl ro{~jrdod IiMiI\M ,1 pl)p-11/)4
conq~tlter allcl mimttlt(tllo~)ttttly, nrr II Chmt.h , t)ll II
ntrlp-rhdrl rvrordor. ‘tlIr$uo elortrl (.11 mectf4\tr4~mvt\t n
hrIvP all rrrrttrnry of 2X or 2 HV, wllltltvv~tt frr Rrr${tlvr.
ThrI prlmnry q~lfillt II y of ln!~r{~~f wn.t Ill{, ro,,,)vmry r~ir-

Fig. 2. Test asaembly for second subcable in simulated
30-MJ geometry. Three support strips and a
surrounding Mylar shell have been removed for
clarity.

rent, defined as the largest current for which a normal
zone would recover when the heater power was removed.

The heaLer was typically energized for 5 a at a power
level approximately 10Z larger Lhrin thrtt required to
form a measurable normal zone. Recovery currents are
usunlly defined within f25 A.

A number of anomallerr previously noted~ in experi-
ments on cabled conductors were rerrolved by noting tllot
our fleater arrung~ment affecLrI the six first Hubcablerr
in a very unequal nmnncr. Since, rit IL current below
the recotery current, the length of a normal zone

dependtr larguly upon the heater input, the normul zones
in tl)u first subcnblo N ext,~nd very different divtunces
frum the heater. The menrrurcd transverse electrical
reNlstivity~ 10 small enou~h to permit sufficient cur-
r@nL ohnrlng nmnng the f lrst subctiblcs, but thv corre
spomiing thorn-ml rcMistuucc la large UnOUgh to permit
t Ilt. rru unequu 1 zl)llL~rr to perrIia L. Thus, if all tile
vultrige taprL J re Iln! 011 the snme first subcnble,
ctlrioutl patterns of Voltnur verrrus heater power may
appcnr-, including nn {Ippur-ent left-right ntrymmctry with
reHpvct to tho Ile(ltor. Even wiLh Lhc prt!neut prec:i\l-
tion of attnrhing nll voltngr tapr4 to the name flrNt
nuhcahlc, the Wltngr? pll LtPrllN nre not rrimple t (>
intorprvt. Fur lrr~t(ltlrco wc ohMcrve st rung current
tranHfer UfflirLN nrI lnrlivf,lunl firnl tiuhrubivn carry,
over rLhurt diMt. anrt, N, currunt H well nhov(l or Iwiow 111P
nvvrnflo vnl\io.
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that expected from an independent RRR measurement, a

fact which verifies that a true propagating zone has
been observed.

Results

Fig. 3 presents data on recovery current versus
fractional coverage of perforated strip, for the sample
geometry of Fig. 2, at three different fields.
Fractional coverage is calculated using only the gap
between successive turns of strip and does not include
the 20% open area due to the perforations. The most
striking featllre of this data is the relatively small
effect of what is, after all, a rather hefty layer of
insulating. It should be noted that all recovery cur-
rents at 2.8 T are well above both tt,e 30-MJ operating
cdrrent of 4g0 A per second subcable and the critical
current, 750 A at 1 x 10-12 ~-cm. ~(. points in Fig. 3
sr. tter more than would be expected from experimental
statistics, due to unavoidable variation in insulation
pitch and cable mounting among samples.

The same data are replotted in Fig. 4 as recovery
heat flux, qRS versus fractional coverage, where

q~ = 12p/AP. Here, I is the recovery current, D the
measured resist ivity, and A the copper area of the
second subcable, ignoring the copper core which was
disconnected so as not to carry current. For
uniformity in presenting the data, P was taken us the
perimeter of six first subcables, each treated a~ a
round wire 1.37 mm in diameter. ‘ZIIIS, presumably,
grossly overestimates tile wetted perimeter and thus
makes the absnlut~ heat flux values small compared witl)
those of other workers. Experimental scatter obscures
any dependence,, ..+ nf qR on wgrietic field; the data art,

cons{ stunt with a decrease of 10% in q between zer{~
und 3 T observed by Wollan ct al.q for baru wire as

... .,

Fig. 3.
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Tests on 0.005-in. thick unperforated Mylar tape
were run only at 88% coverage, that is, 0.040-in. gaps
between turns of 0.25-in. wide tape. Results are
summarized in Fig. 5 in which selected points from
Fig. 4 are repeated for comparison. Experiments using
the geometry of Fig. 2 were only sufficient to
establish a lower bound for qR, while experiments on
the 5 kA conductor itself better served to establish

qR.

In a final test, a 7-M length of pre-production,
5-kA conductor, with the second atlhcables soldered
together at the ends to form a bifilar sample, was
wound in a single layer on a modified version of the
G-lo mandrel and fitted with support teeth and
insulating strips to match the actual heat transfer
e,, vironment in the 30-MJ coil. It was possible to heat
a single second subcable or all ten aubcables simulta-

neously. me latter case should correspond more

closely to the arrangement of Fig. 2, in which all five
neighboring turns are driven normal when the zone prop-
agates, when a single second subcable was heated, no
normal zonea were observed in neighboring strands
until, at a current rather larger than the recovery
current for the heated strand, the zones were able to
propagate thru the solder Joints between the second
subcables. It iS thus possible not only to drive a
single strand normal in a cabled conductor blit for it
to remain normal without affecting the oLhcr subcribles.
The recovery heat flux for the single subcable case was
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condllctor with Mylar tnpv nnd r,,.111~11,,
honl Lrotlnlor uo(mw~t ry.

about 15% larger than that for the case with all sub-

cables normal.

Results for perforated and unperforated insulation
are consistent when plotted 011 the basis of total
covered area.

Radial Fatigue Test

Mechanically, the weakest part of the conductor is
the Mylar insulation. TO control ac losses, it is
important that shorts not develop between aecona sub-
cables during the coil lifetime. The only significant
cyclic load applied to the conductor is radial compres-
sion, that is, pressure normal to the wide face.
Calculations show that the melt highly stressed region
is In the thirteenth turn at the axial midplane, with
the stress depending on the transverse modul~]s of
elasticity of the conductor. Calculated values range
from 200 psi if E = 1.3 X 104 pSi tO 420 pSi if
E = 2 x 105 psi. The measured conductor modulus
depends to a large extent on mechanical history,
because there is a certain amount of “lost ❑otion” in

th - as-fabricated material. Preliminary measurements

.ndicate a value of E = 2 x 104 psi, so that a test
baaed on E = 2 x 105 psi should be conservative.
cyclic loading at 4° K can be conducted at a rate of
‘500,000 cycles per day, and it is necessary to use a
larger load at 106 cycleq to simulate the effect of IL)~
cycles. A study of existing data between 105 and lob

cycles for Steel, copper, cloth-based-phenolic, and
glass-based-epoxy indicates that a stress multiplier of
1.5 should conservatively cover the worst case.
Therefore, it was decided to cycle the test sample
between a maximum stress of 1.5 x 420 - 630 psi and a
minimum ~tress of 2/3 this value.

Ihv s:lmple was a full-scale cnil section, 4 turnt,
high in Lhe axi:tl direction, 2 turns thick in the
radial direction, and 4 in. long. Elect ri,,:ll leads,
attached Lo all of tl)e SCCO,ICI subrables in HIJVeN <Jut of
ei~ht cundurtors, we rc Cr)ntinuously monitored for

int~r-cnble shorts us thu sample underwent 1.1 x 10(’
stress cycles while Lmmcrsed in liquid helium. No
shorts were dcvo loped in thi.q procens and nn dcmaflc. was
observed wli,,n the sample was cfisasscmblc, d.

G)ncsl\hutol)n—. . ..—

The > kA runduclor sh~wtl in Fig, 1 me~,tu o r
Vxrl, (,[ls u1l c]t, (!Lrical and ImorhaIIlcal rt. qulrul,wnts tot’
Lilt, 31)+1.1 coil. St,tbill Ly ti,sts !) IIuW (a) SI,I,II1 ~ap!! ii)

It n utht!rwise Llll[.k lnNIllatl!lM layer are vury effectlvu
in vent llatlllx n c,ahlt,d r{]ndtlctor, (b) purf{)riitt,d r npc
iH an uqillvalent method 0[ provi Iing upvn arvn, (t:) LIIV
ol[et. tH 01 Hllllll{)rt HLrtlrt\lrv nnd t{l~lt, iNHIIl aL ion 011

recovery ltt, Jlt flIIx ore nut addltlvo, mId ((i) 11 IN

poHHlbl I, tn {,ro(it(, n normal Z{):]c Ill II !41nx11. H1. (.[]ntl

Illlhc, abl ~ Wir.lll)tll arlt. (,t lllg no lxltl)i)r { IIR Htll)c(ll, l(*H.
Tlioru nrv Nt ill l!~ti,r!l~ll olvctrl~.nl aIId Lll(,rmnl ph{$llom-

CIIa in cJlbl IId (,{)lldl)t,t or~ wlIt{,l I n(.u(l l,larif I,. /It 11111.
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